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Insertion mechanism of the hybrid pore constructs Section 2| Additional data for the DNA/αHL hybrid formation Supplementary Figure 1| Typical 260 and 280 nm absorbance of DNA-modified K237C-αHL mutants using a NanoDrop spectrophotometer. The sample was filtered to remove unbound oligonucleotides. Using an extinction coefficient of ε 1% = 11 (1), the calculated concentration of αHL monomers was 16.1 μM. The calculated DNA concentration of 5.93 μM was determined using the ssDNA-specific conversion factor of 33 μg/OD260. Thus, the ratio of DNA to protein was 1:2.7. Unmodified αHL monomers were removed after the conjugation with the DNA templates. Gel electrophoretic separation of the sample is shown in Figure 1f (lane 3). 
Supplementary
Section 6| Overview of observed conductance and noise in planar lipid bilayer experiments
The open pore conductances and noise in PLB recordings for the different hybrid constructs are summarized in Supplementary Tables 3 and 4 , respectively. 
Supplementary
Section 7| Modelling the β-hairpin alignment within αHL pores
Here, we present an approach to calculate the dimensions of the β-barrel of an αHL pore that depends on the arrangement of the β-strands in the natural heptamer (3) (4) (5) . This geometrical model is based on the variation of subunit-subunit interaction between adjacent β-hairpins; the number and nature of intramolecular bonds remain the same, and hence the structure of each domain within the αHL monomers is unchanged. Using this approach, we could design a barrel for the αHL heptamer and obtain values for the pore diameter and height that are in agreement with the dimensions of the crystal structure. In addition, the model was verified with the reconstruction of an additional biological pore, i.e. the Mycobacterium smegmatis porin A (MspA) octamer (6) . Calculating the theoretical dimensions of a β-barrel that includes 12, 20 or 26 monomers shows that larger numbers of αHL monomers can also form pores with diameters of ~14, 20 or 30 nm, respectively.
αHL7 in a membrane
Each protomer within the αHL heptamer (αHL7) consists of 293 amino acids (aa's) that form an amino latch, β-sandwich domain, triangle region, stem domain and rim domain (7) . The stem region forms the anti-parallel β-sheet barrel of the αHL7 and is composed of two β-strands (residues E111-K147) that are separated by a five aa-long turn region. The β-strands are oriented with a 180°t wist in a right-handed manner and tilted by 38°. Supplementary Figure 16 shows the result of a simulation that reveals the orientation of a αHL7 pore in a membrane (source: Orientation of proteins in membrane (OPM) database). As can be seen, only the lower part of the β-barrel is inserted into the membrane. Out of 16 aa's per β-strand, only 7-8 aa's are involved, corresponding to a β-barrel height 1.98-2.26 nm. Their respective sequences are GFNGNVT and GGLIGANV. In addition, the two β-sheet flanking aa's of the central turn region are localized in the lipid bilayer as well.
Supplementary
Figure 16| Orientation of α-hemolysin in a membrane.
Calculation of the dimensions of the β-barrel for a pore of 7, 12, 20 or 26 αHL monomers
A β-strand -within any antiparallel β-sheet -is naturally arranged as a series of two aa's that alternately form two hydrogen bonds with the β-strand either to their left or to their right (Supplementary Fig. 17 ). This implies that β-strands can be offset against each other by a distance of 2 aa's in order to allow for the formation of hydrogen bonds between both strands.
Considering the N-and C-strand of one αHL β-hairpin without the central turn region as one common β-strand unit will permit the offsetting shifts to cover 2, 4, 6, 8, 10, 12 or 14 aa's between them.
Supplementary Figure 18 shows, as an example, the shift of two aa's per β-strand units within a sheet that is composed of three β-strand units.
Thereafter, the orientation of the sheet in a two-dimensional (2D) space needs to be corrected such that the "mushroom parts" of the αHL monomer are linearly aligned.
Supplementary Figure 18|
Schematic representation of the β-strand unit alignment within an antiparallel β-sheet.
The resulting 2D sheet can be conceptually rolled up into a cylinder. The diameter, d, of the cylinder can be calculated as follows:
where N represents the number of monomers, a the distance between the β-strand units, and b the length of the offset (Supplementary Fig. 19 ). For a and b, 0.92 nm and 0.36 nm/aa can be considered, respectively. Supplementary Figure 19| Schematic representation of the distances within a rearranged β-sheet that were used to calculate the diameter, d, and height, h, of the resulting β-barrel.
The height of the β-barrel can be calculated using following equation:
with lbeta-hairpin representing the length of the β-strand that is involved in the β-sheet formation, e.g. 5.76 nm for 16 aa's.
As an example, a cylinder which comprises seven αHL monomers with an offset of 2 aa's would give a calculated d of 2.6 nm and h of 4.54 nm. Analysis of the crystal structure of the natural occurring heptamer ( Supplementary Fig. 20) indicates that the β-barrel contains a two-aa long shift, and reveals dimensions that are in agreement with the calculated ones (d = 2.6 nm; h = 4.52 nm). A comparison of the crystal with the calculate structures of the β-barrel is given in Supplementary Figure 22 . We further verified the αHL-based model by reconstructing the β-barrel of MspA. This pore is an example of natural β-barrel with a 4-aa offset between eight 12-aa-long β-hairpin units ( Supplementary Fig. 21a ). The modelled pore diameter and alignment of the β-strand units match the β-barrel of the crystal structure of MspA (Supplementary Fig. 21b ).
Supplementary Figure 20|
Pymol representation of the heptameric α-hemolysin crystal structure (PDB: 7ahl). β-strands and loops are shown in yellow and green, respectively.
Supplementary Figure 21|
MspA as a natural example for a 4-aa offset pore. a, The β-hairpins in MspA are connected with a 4-aa offset. The β-strands that form hydrogen bonds and the offset are highlighted in magenta and blue, respectively. b, Comparison of the crystal structure of MspA (gold, PDB:1UUN) with the generated octameric β-barrel with a 4-aa offset (salmon-pink). Note that the model uses α-hemolysin β-strands which are longer than the MspA ones, and thus the modelled MspA β-barrel has a greater height compared to the one in the crystal structure.
We then applied the model to calculate and visualize the height and diameter of a β-barrel that contains 12, 20 or 26 monomers. Using the obtained variables, we could further calculate the conductance as a function of the diameter as described by Kowalczyk et al. (8) :
where H is the pore height, dc the pore diameter at its lys-gln central constriction (channel diameter minus 1. Supplementary Figure 23 illustrates the conductance as a function of the number of αHL monomers in the hybrid pore. The theoretical curves (orange) are based on an hourglass-like model for the pore's shape (8) ; however, that model may reflect the underlying alpha-hemolysin's shape only to some extent. Taking this and the experimental error into account, the experimental data is well within the range of the theoretical values along the different aa-offset-curves. A comparison between the experimental and theoretical values indicates larger offset lengths for an increasing number of monomers. This is expected, as the offset will naturally adjust along with the number of monomers (to compensate for increasing β-hairpin distances) towards the energetically most favourable barrel formation. In turn, this results in alterations for both the pore diameter and height. Consequently, the conductance-monomer correlation is expected to scale stepwise and linearly. The largest possible β-hairpin distances can be compensated for by a 10-aa-offset-based β-barrel. This implies that the conductance for pores comprising more than~26 monomers depends mainly on the diameter of the pore; the conductance of such large pores can accordingly be derived from the 10-aa-offset curve. Moreover, the height in this regime is expected to remain constant at ~6.89 nm. Table S1 . (i-iii) represent the cap domain at a rotation angle α as in the heptameric pore, whereas (iv-vi) are rotated by the same angle as the β-hairpins within the barrel.
In addition to subunit interactions in the transmembrane domain, the inclined cap alignment of a monomer within the wild-type αHL pore gives rise to polar contacts of adjacent protomers. These are mainly between the β-sandwich domains, but also between amino latches, β-sandwich and amino latch, β-sandwich and rim domain, and between the triangle regions ( Supplementary Fig.  24c ). The expansion of the αHL pore with increasing number of monomers induces a gap between the monomers that theoretically leads to a decrease in monomer-monomer interactions especially in the amino latches and the inner regions of the β-sandwich domain (Supplementary Fig. 24a) .
In order to predict the possible arrangement of the cap domains within an icosameric assembly, we first considered the monomer rotated by the same angle α as in the wild-type heptameric pore (Supplementary Fig. 24b) . The resulting structural arrangement shows that the dimensions for a barrel with a 6 aa-offset would result in several monomeric interactions between the adjacent β-sandwich domains as well as adjacent rim domains ( Supplementary Fig. 24d (ii)). A 4 aa-offset can be ignored due to an overlap of the monomers in the circular arrangement ( Supplementary Fig. 24d(i)) ; similarly, the dimensions of an 8 aa-offset are unlikely since the large distance between the monomers would not give rise to formation of any intermolecular polar contacts ( Supplementary Fig. 24d(iii) ). This approach requires flexible regions, such as the triangular region, to compensate for the different alignments of the transmembrane and cap domains.
In the second approach, we considered the whole monomeric structure fixed as it was reported to be in the αHL heptamer. Thus, the alignment of the β-hairpins within the transmembrane pore would result in rotation of the cap domain by the same angle α (considering the original position at α = -38.05° for a 0 aa-offset). Here, the resulting structures also indicate a 6 aa-offset as the most likely arrangement for formation of molecular interactions; whereas the 4 aa-offset would result in overlapping monomers ( Supplementary Fig. 24d(iv-vi) ). A lower number of polar contacts were found for the rotated cap in these structures. A further structural arrangement towards a smaller circular shape of the cap domains might result in an increasing number of interactions between the protomers. However, polar contacts will occur between different residues with changing stoichiometry of the protein pores.
Greater insights into the formation and stability of the monomeric assembly can be expected from molecular dynamic simulations. However, the development of in situ methods for the prediction of structures of multimeric complexes is still ongoing (10); thus, more detailed investigation of the monomeric assembly, beyond the symmetric docking used here, is as yet not feasible.
Section 9| Insertion mechanism of the hybrid pore constructs
We surmise that the DNA/αHL hybrid constructs insert into the bilayer according to the proposed model for heptameric αHL pore formation (11) (12) (13) . This model involves the formation of a prepore 2 on the lipid bilayer, and the subsequent formation of a β-barrel due to release of the glycine-rich loops triggered by inter-protomer-and protein-membrane-interaction. While the oligomerization of the pre-pore is likely to be introduced in solution by the arrangement along the DNA nanostructure, we hypothesize that the second step representing the prepore-to-pore transition can be also used to describe the insertion of the DNA/αHL hybrid pores.
In the case of hybrid pores with a β-barrel that is shorter than the length of the lipid bilayer, the β-barrel only spans about half of the bilayer. Alternatively, it is possible that the DNA/αHL hybrid constructs with shorter β-barrels locally distort bilayers by toroidal pore formation, as seen for truncated αHL pores (14) . 2 The term prepore used in this model for the heptameric αHL pore formation differs from the term "pre-pore" we used to define the first stage of the insertion conductance profile of the hybrid pore in our manuscript. The latter might be affected by possible pre-pore binding, interprotomer or lipid rearrangements.
